Stalk rots, caused by a complex of fungal species, are among the most widespread and destructive diseases of maize. Larvae of the European corn borer (ECB) (Ostrinia nubilalis) promote stalk rot development by creating entry points for fungi, serving as vectors of pathogens, and causing physiological stress that may predispose plants to stalk decay. Field experiments were conducted in 1998, 1999, and 2000 to determine whether the use of transgenic Bt hybrids expressing insecticidal proteins would influence stalk rot symptoms (pith disintegration, pith discoloration, and lodging). Five hybrids representing different Bt types (or "Bt events") (176, BT11, MON810, DBT418, and CBH351) were paired with their near-isogenic, non-Bt counterparts and subjected to treatments of manual and natural infestation with ECB larvae. Manual infestation resulted in significantly more ECB tunneling than natural infestation in 1998 and 1999 and significantly more lodging in 1998. There were significant linear correlations between ECB injury and stalk rot symptoms in non-Bt hybrids in 1998 and 1999, but not in 2000. A standard foliar insecticide treatment for ECB did not significantly affect stalk rot symptoms. In 1998, Bt hybrids had significantly less ECB tunneling, stalk discoloration, pith disintegration, and lodging compared with non-Bt hybrids, but these effects depended upon the Bt event and the infestation treatment. Similar but less pronounced effects of Bt events were observed in 1999. The 2000 results were more variable; the amount of pith disintegration was significantly lower but discoloration was significantly higher in the BT11 hybrid compared with its non-Bt counterpart, and the amount of lodging was significantly higher in the event 176 hybrid compared with its non-Bt counterpart. The ratio of stalk strength to grain weight did not consistently differ between Bt and nonBt hybrids. These results indicate that, although specific Bt events in some years may cause reductions in stalk rot, the overall effect of Bt transformation on stalk rot occurrence is highly variable. Stalk rot is one of the most persistent and destructive diseases of maize throughout the world. The stalk rot complex comprises several fungal pathogens and secondary colonizers (15). The most common stalk rot pathogens in the United States include Gibberella zeae (Schwein.) Petch, Colletotrichum graminicola (Ces.) G. W. Wils., and Fusarium verticillioides (Sacc.) Nirenberg (16, 27) . Losses in the form of reduced grain-fill and premature death can occur when these pathogens invade maize stalks prior to physiological maturity (15).
Stalk rot is one of the most persistent and destructive diseases of maize throughout the world. The stalk rot complex comprises several fungal pathogens and secondary colonizers (15) . The most common stalk rot pathogens in the United States include Gibberella zeae (Schwein.) Petch, Colletotrichum graminicola (Ces.) G. W. Wils., and Fusarium verticillioides (Sacc.) Nirenberg (16, 27) . Losses in the form of reduced grain-fill and premature death can occur when these pathogens invade maize stalks prior to physiological maturity (15) .
Destruction of the pith tissue also predisposes the plants to lodging.
Stalk rot fungi overwinter in infected plant residue and invade maize plants through natural entry points such as nodes, through wounds created by insects or mechanical damage, or by direct penetration of root and stalk tissue (1, 9, 14, 15, 26) . Plants are predisposed to stalk rot by any stress that reduces the photosynthetic capacity of the plant following anthesis, when the developing ear competes with the stalk for carbohydrates (8, 25) . The traditional and most effective strategies for stalk rot management are to alter cultural practices to minimize the stresses that increase plant susceptibility to fungal invasion and to select locally adapted hybrids with partial resistance to stalk rot (19) .
Injury due to feeding by European corn borers (ECBs), Ostrinia nubilalis (Hübner) (order Lepidoptera, family Crambidae), is one stress that can promote the progression of stalk rot (6, 27) . The ECB is one of the most economically important insect pests of maize, causing an estimated $1 billion in losses annually (18) . ECB larvae can contribute to the development of stalk rot in several ways. By tunneling through stalk tissue, they create entry points for fungal invasion, serve as vectors of some fungal pathogens, and cause physiological stress that can predispose maize plants to stalk rot development (3, 6, 7, 12, 26) . This relationship between ECB damage and stalk rot is an important factor in pest management decision making, because the yield loss attributed to ECBs often is due in part to subsequent fungal decay of tissue injured by the larvae (7, 13) .
Because of the association between ECB injury and fungal stalk rot, control of this insect is recommended as one component of an integrated stalk rot management strategy (19) . The most effective way to prevent ECB injury is through the use of transgenic Bt hybrids, available to growers since 1996 (22) . Bt hybrids are created by the insertion into the maize genome of a bacterial gene that codes for production of one of several insecticidal proteins (5) . These proteins first were isolated from Bacillus thuringiensis, a soilborne bacterium that is pathogenic to specific groups of insects. Genes encoding three lepidopteran-specific Bt proteins (Cry1Ab, Cry1Ac, and Cry9C) have been used in commercially released maize hybrids (5, 11) . Accompanying these coding sequences is either a Cauliflower mosaic virus (CaMV) 35S promoter or a combination of a phosphoenolpyruvate carboxylase (PEPC) promoter and a pollen-specific promoter (17) .
The combination of Bt protein and promoter sequence, along with the specific insertion event, define a transformation type or event, the term commonly used to distinguish the six separate transformations that have been registered by the Environmental Protection Agency (EPA) for commercial use. These transformation types (or events) are designated as 176 (Ciba Seeds, Greensboro, NC), BT11 (Northrup King, Golden Valley, MN), MON810 (Monsanto Co., St. Louis, MO), DBT418 (DeKalb Plant Genetics, DeKalb, IL), CBH 351 (AgrEvo USA Co., Apple Valley, MN), and TC1507 (Dow AgroSciences, Indianapolis, IN). MON810 and BT11 are in the most widely planted Bt hybrids. Event 176, DBT418, and CBH351 hybrids have not been re-registered; therefore, after their current EPA registration expires, they will not be sold. Transformation types differ in the specific Bt protein expressed and the location of expression in the plant tissue and, therefore, vary in the efficacy of ECB control they provide (5). Stalk rots, caused by a complex of fungal species, are among the most widespread and destructive diseases of maize. Larvae of the European corn borer (ECB) (Ostrinia nubilalis) promote stalk rot development by creating entry points for fungi, serving as vectors of pathogens, and causing physiological stress that may predispose plants to stalk decay. Field experiments were conducted in 1998, 1999, and 2000 to determine whether the use of transgenic Bt hybrids expressing insecticidal proteins would influence stalk rot symptoms (pith disintegration, pith discoloration, and lodging). Five hybrids representing different Bt types (or "Bt events") (176, BT11, MON810, DBT418, and CBH351) were paired with their near-isogenic, non-Bt counterparts and subjected to treatments of manual and natural infestation with ECB larvae. Manual infestation resulted in significantly more ECB tunneling than natural infestation in 1998 and 1999 and significantly more lodging in 1998. There were significant linear correlations between ECB injury and stalk rot symptoms in non-Bt hybrids in 1998 and 1999, but not in 2000. A standard foliar insecticide treatment for ECB did not significantly affect stalk rot symptoms. In 1998, Bt hybrids had significantly less ECB tunneling, stalk discoloration, pith disintegration, and lodging compared with non-Bt hybrids, but these effects depended upon the Bt event and the infestation treatment. Similar but less pronounced effects of Bt events were observed in 1999. The 2000 results were more variable; the amount of pith disintegration was significantly lower but discoloration was significantly higher in the BT11 hybrid compared with its non-Bt counterpart, and the amount of lodging was significantly higher in the event 176 hybrid compared with its non-Bt counterpart. The ratio of stalk strength to grain weight did not consistently differ between Bt and non-Bt hybrids. These results indicate that, although specific Bt events in some years may cause reductions in stalk rot, the overall effect of Bt transformation on stalk rot occurrence is highly variable.
Additional keywords: corn, GMO, Zea mays Few scientific investigations have been undertaken to determine precisely how, if at all, the presence of Bt proteins in maize hybrids will influence pest management strategies other than insect protection. In contrast to the reported direct relationship between insect injury and infection by pathogenic fungi (3, 6, 7, 12, 26) , an alternative hypothesis suggests that ECB injuries are not important sites for stalk rot infection, and that the increased yields of Bt hybrids and the added energy cost of producing Cry proteins may weaken stalks and increase their susceptibility to fungal invasion (J. Dodd, personal communication) . Existing data on the effects of Bt transformation on stalk rot are inconclusive. Bergstrom et al. (2) found significant reductions in anthracnose stalk rot symptoms in Bt hybrids compared with their near-isogenic, non-Bt counterparts. In preliminary field experiments comparing stalk rot symptoms in Bt and non-Bt hybrids, we obtained similar results but observed variation among locations and events in their effect on stalk rots (20) . A study by Reimers et al (23) found no correlation between the incidence of stalk rot and the use of Bt hybrids. The conflicting results of these studies, as well as the unexplored issue of stalk strength in Bt hybrids, provided a basis for the present study. The objectives of our research were to determine the effects of five Bt transformation types on the incidence and severity of stalk rot symptoms and lodged stalks and on the relationship between stalk strength and grain weight.
MATERIALS AND METHODS
Field experiments were conducted in 1998, 1999, and 2000 in the vicinity of Ames, IA. Each year, five Bt hybrids and their near-isogenic non-Bt counterparts (Table 1) were evaluated in field plots arranged in a randomized complete block design with two treatments and eight replications (total of 160 plots). Fields were located at the Iowa State University Johnson farm (Story County) in 1998, Woodruff farm (Boone County) in 1999, and the Agronomy and Agricultural Engineering Research farm (Boone County) in 2000. All fields were in a maize-soybean rotation and were field-cultivated prior to planting between mid-and late May. Standard fertilization and weed management practices were applied in all fields. Plots consisted of four rows 5.33 m in length planted at a density of 123,000 seeds/ha and thinned to approximately 69,000 plants/ha, with plants spaced 15 to 20 cm apart. This population is consistent with current commercial practices and the uniform spacing served to standardize competition between neighboring plants. Plots of each hybrid were subjected to two treatments: (i) manual infestation, consisting of two ECB infestations, one at growth stage V8 to V9 (mid-whorl) and one at growth stage R1 (silk stage) (24) ; and (ii) natural infestation Stalks were sampled at physiological maturity (R6), as indicated by formation of a black layer on the kernel. Sampling consisted of systematic selection of four stalks (every fifth or sixth stalk) from an inner row of each four-row plot. Stalks were excised at the base with a pruning shears and trimmed back four nodes above the ear node, with the upper internodes subsequently discarded. The remainder of the stalk was split longitudinally. The split stalks were evaluated for the length (cm) of stalk discoloration, ECB tunneling, and pith disintegration. Pith disintegration was defined as stalk tissue in which the pith was thoroughly decayed, leaving only the vascular bundles intact. We interpreted stalk discoloration as an early stage in stalk rot development and therefore distinguished it from pith disintegration, a symptom that better typifies fully developed stalk rot. In 1998, the incidence (presence or absence) of pith disintegration was determined; in the following two years, this procedure was modified to include measurement of the length of disintegrated pith in the stalks to estimate stalk rot severity as well as incidence. Six additional stalks per plot were systematically sampled for determination of stalk strength in relation to grain weight. From each stalk, the ear and the internode approximately 50 cm from ground level were collected. The ears were placed in cloth bags, refrigerated, and later shelled. The shelled kernels were weighed and moisture content determined using a Dole 400 Moisture Tester (Eaton Corporation, Carol Stream, IL). Grain weights for individual ears were calculated based on kernel weights corrected with moisture readings. The strength of the internodes was evaluated with the Instron Materials Tester (Instron Corp., Canton, MA), an instrument that subjected the internodes to a tangential compressive force and measured the resistance in kilograms to the compression (10). This internode strength measurement was used to calculate the ratio of stalk strength to grain weight for each plant.
Approximately 30 days following physiological maturity of the plants, lodging was rated as the percentage of lodged stalks in the remaining unsampled inner row of each plot. Only stalks broken below the ear node were counted as lodged.
The SAS statistical package (Statistical Analysis System; SAS Institute, Inc., Cary, NC) was used to carry out all analyses. Analyses of variance were conducted on the means of all sampled plants in each plot for the following variables: length of stalk discoloration, incidence of pith disintegration, length of pith disintegration (except in 1998), length of ECB tunneling, number of ECB larvae found in stalks, and percentage of stalks that were lodged. Four-way analysis of variance (ANOVA) was carried out to determine the main effects of hybrid brand (company of origin of each hybrid), presence of Bt proteins (Bt), manual or natural infestation (treatment), and replicate block, as well as interactions among these variables. Each hybrid brand contained a different Bt type; therefore, the brand by Bt interaction was interpreted to represent differential effects among Bt types. Mean separation was performed using orthogonal contrast analysis. A separate ANOVA was conducted to compare the effects of the foliar insecticide to those of MON810 Bt transformation. Linear correlations were calculated to determine the relationship between ECB injury and stalk rot symptoms.
RESULTS
There were significant differences (P 0.05) in stalk rot (pith disintegration) incidence and severity, lodging, and ECB injury between Bt hybrids and their non-Bt counterparts, but these effects varied with the year, Bt transformation type, and treatment (level of ECB infestation; Table 2 ). With few exceptions, the amount of ECB tunneling was significantly less in Bt hybrids compared with their near-isogenic, non-Bt counterparts (Fig. 1) . Linear correlations between ECB injury and two symp- toms of stalk rot, stalk discoloration and pith disintegration, were significantly positive in non-Bt corn, with the exception of the 2000 experiment (Table 3 ). There were no significant linear correlations between ECB injury and lodging in any of the 3 years (Table 3) .
In 1998, manual infestation with ECB larvae resulted in significantly more ECB tunneling (mean 5.5 cm) than the natural infestation (mean 3.2 cm) in non-Bt hybrids. This effect was limited to certain hybrid brands in 1999; in 2000, tunneling was not increased by manual infestation (Fig. 1, Table 2 ). In 1998 and 2000, there were significant interactions between the effects of infestation treatment and Bt on some stalk rot symptoms (Table 2 ). In the manual infestation treatment in 1998, there was significantly less stalk discoloration (35.5 versus 62.1 cm) and a lower incidence of pith disintegration (19 versus 54%) in Bt hybrids compared with non-Bt hybrids. In the natural infestation treatment in 2000, there was significantly less pith disintegration in Bt hybrids (mean 36.8 cm) compared with non-Bt hybrids (mean 51.5 cm) ( Table 2) .
In each year of the project, there were significant effects of the presence of Bt proteins or significant interactions between the effects of Bt proteins and hybrid brand on one or more of the stalk rot variables measured (stalk discoloration, pith disintegration, and lodging (Figs. 2-5, Table 2 ). In 1999, the BT11 hybrid had significantly less stalk discoloration than its non-Bt counterpart, but this effect was reversed in 2000 with significantly less discoloration observed in the non-Bt counterpart (Fig.  2) . Incidence of pith disintegration was significantly lower in the BT11 hybrid compared with its non-Bt counterpart in 1998 and 1999 in the naturally infested plots (Fig. 3) . In 1999 and 2000, reductions in severity of pith disintegration were observed in the BT11 hybrid compared with its non-Bt counterpart (Fig. 4) . In 1999, this reduction occurred only in naturally infested plots. In 1998, the BT11 hybrid also had significantly less lodging than its non-Bt counterpart (Fig. 5) . Transformation type 176 had a significantly lower incidence of pith disintegration and less lodging in 1998 (manual infestation) and lodging alone in 2000 (Figs. 3 and 5) . In 2000, significantly more stalk discoloration (manual infestation) and lodging were observed in transformation type CBH351 than in its non-Bt counterpart (Figs. 2 and  5 ). In 1998, the same transformation type had a significantly lower incidence of pith disintegration (manual infestation) than its non-Bt counterpart (Fig. 3) .
There was no consistent effect of Bt proteins on the ratio of stalk strength to grain weight. This ratio was significantly affected only by hybrid brand (Table 2) . Bt transformations did not significantly affect grain weight or stalk strength, except in 1998, when Bt hybrids had significantly stronger stalks and higher grain weights than those of non-Bt hybrids (data not shown).
The effects of the foliar insecticide on stalk rot variables and ECB injury depended on the year. In both 1999 and 2000, the amount of ECB tunneling was significantly less in the Bt hybrid compared with both the sprayed non-Bt and the unsprayed non-Bt counterpart (P < 0.01; Table 4 ). In 2000, the Bt hybrid had significantly less stalk discoloration and pith disintegration than the unsprayed non-Bt hybrid, whereas the spray treatment did not significantly differ from the unsprayed (Table 4) .
DISCUSSION
Our research indicates that positive or negative effects of Bt transformation on stalk health depend to some extent on the specific Bt transformation type used, with BT11 providing some consistent reductions in stalk rot. The effects of the other transformation types were more variable and, for this reason, the interaction between hybrid brand and Bt transformation was of greater interest than overall compar- isons between Bt and non-Bt hybrids. In 1998, significant reductions in stalk rot symptoms and lodging were observed in some Bt hybrids compared with their nonBt counterparts, but these results were not confirmed in the following two years. The 1999 experiment produced fewer significant differences but a similar pattern of reduced stalk rot symptoms in some Bt hybrids. In 2000, however, some Bt hybrids had significantly more stalk discoloration and lodging compared with their non-Bt counterparts. High levels of stalk rot occurred throughout the state in 2000 (G. P. Munkvold, unpublished data) and were more closely related to drought stress (8) than to ECB injury. A possible interpretation of these results is that the contribution of Bt hybrids to stalk rot management is not evident when ECB injury is not a primary factor in stalk rot development.
Transformation type CBH351 provides additional insight into the interaction between Bt proteins and stalk rot in the 2000 experiment. With little ECB injury in the natural infestation, the Bt hybrid representing this transformation type had significantly more lodging than its non-Bt counterpart. When ECB injury was more severe (the manual infestation), the Bt hybrid had significantly less lodging than its non-Bt counterpart. Together, these results demonstrate that, when the ECB population is low, there is no advantage conferred by the presence of Bt proteins.
There was no consistent effect of Bt transformation on the ratio of stalk strength to grain weight; the hypothesis that the increased yields often reported with Bt hybrids occur at the expense of stalk strength therefore is not supported by our data. It must be noted, however, that although standard estimates of expected yield losses associated with ECB larvae exist (4), we observed little or no reduction in grain weight in non-Bt hybrids compared with Bt hybrids.
Other factors may have obscured differences between Bt and non-Bt hybrids in this project. The correlations between ECB tunneling and stalk rot symptoms were significantly positive in two out of three years, but were overall fairly low (r = 0.22 to 0.36) compared with the findings of previous research (6, 12) . It was apparent from comparisons of manual and natural infestation that the survival of manually infested ECB larvae in the field was low, and we were thus unsuccessful in simulating severe ECB pressure in the manual infestation plots. Natural ECB populations were lower than normal in each year of the study, which further limited the discerning power of our experiments. In years of severe ECB infestation, 12 to 15 cm of larval tunneling per stalk would not be unusual; in our experiments, the overall mean stalk tunneling was approximately 2 cm (Fig. 1) . Perhaps the most important factor influencing the results of this research is the complexity of the interaction between stalk rot and the environment. In the absence of insect damage, there are still many plant stresses that contribute to stalk rot development, and they vary unpredictably among experiments. During the 3 years of our study, there was a pattern of above-average spring rainfall, below-average late-summer rainfall, and above-average late-summer temperatures. The magnitude of these departures from normal differed among seasons, with 2000 having the most extreme conditions (and most favorable for stalk rot). The variable weather among seasons undoubtedly influenced the results. In future field experiments, it would be advantageous to devise an infestation procedure that would ensure high survival of infested larvae, as well as high levels of insect damage, under a broad range of weather conditions, in order to compare the impact of Bt proteins on stalk rot under conditions of a severe ECB infestation.
Despite these complicating factors, our research indicates that specific Bt transformation types may be more likely than others to contribute to stalk rot management. Reductions in pith disintegration were observed in BT11 compared with its nonBt counterpart in 1998 (natural infestation), 1999 (natural infestation), and 2000. BT11 also had significantly reduced lodging in 1998. In similar work with Bt hybrids and Fusarium ear rot infections, some transformation types more effectively reduced ear rot incidence and severity than others (20, 21) . In addition to confirming this inherent variability among transformation types, our observations demonstrate a need for further investigation of stalk rot in Bt hybrids under conditions of a severe ECB infestation. 
